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In total,  403  milk  samples  of  East  Friesian  Dairy  (EFD)  and  Lacaune  (LAC)  sheep  hold  in three
different  ﬂocks  in  Switzerland  and  Germany  were  analysed  for milk  protein  variability  at
protein level  by isoelectric  focusing  and  at DNA-level  by  different  DNA-based  tests.  Iso-
electric  focusing  of all milk  samples  led  to the  identiﬁcation  of  the  alphas1-casein  (s1-CN;
CSN1S1)  alleles  C  and H, s2-CN  (CSN1S2)  A,  B, and  C, as  well  as  beta-lactoglobulin  (-LG;
LGB)  A  and  B.  All  animals  were  monomorphic  for  alpha-lactalbumin  (-LA; LALBA)  A  and
kappa-casein  (-CN; CSN3),  and  within  beta-casein  (-CN;  CSN2)  only  differences  in  the
intensity  and  not  in  the  position  of  the  bands  could  be  identiﬁed.
DNA-based  tests  differentiated  s1-CN  C  into  CSN1S1*C′ and  C′′, typed  for  CSN1S2*G,  for
an  A >  G single  nucleotide  polymorphism  (SNP)  in  exon  7  of  CSN2,  for an  A >  G SNP  in exon  2
of ovine  CSN3,  and  for a microsatellite  within  intron  3 of CSN3.  CSN1S2*G  and  the  A >  G-SNP
within  CSN2  occurred  only  in  LAC,  whereas  the A  > G  SNP  in  CSN3  was  identiﬁed  only  in
EFD  sheep.  In  total,  11  CSN3  microsatellite  alleles  were  observed.  Furthermore,  8  and 11  CN
haplotypes  (CSN1S1-CSN2-CSN1S2-CSN3)  were  identiﬁed  in EFD  and  LAC  sheep.
Additionally,  associations  between  milk  performance  traits  and  milk  protein  alleles  and
genotypes  were  analysed  using  150-day-lactation  data.  Signiﬁcant  effects  of milk  pro-
tein alleles  and  genotypes  on  protein  content  were  identiﬁed.  In both  dairy  sheep  breeds
CSN1S1*C′′ is  signiﬁcantly  associated  with  a higher  protein  content.  In  EFD  signiﬁcant  effects
of  the CSN3-SNP  and  the  CSN3  microsatellite  on  protein  percentage  and  of the  LGB-SNP  on
protein  and fat  percentage  were  additionally  identiﬁed.  Further  research  is needed  to clar-
ify in  more  detail  the  effects  of milk protein  variability  on milk  performance  also  in  other
dairy  sheep  breeds,  to aim  the  implementation  in  future  sheep  breeding  programs.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
Y-NC-NB
1. Introduction
Detection and mapping of genes with an inﬂuence on
economic important traits in dairy sheep is a prerequisite
to improve dairy sheep production systems. In dairy cattle
and goats genetic polymorphisms of milk proteins show
associations to quantitative and qualitative parameters
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in milk (Caroli et al., 2009; Martin et al., 2002), while
in sheep association studies are rare and the results are
partly controversial (Amigo et al., 2000; Barillet, 2007).
The main milk proteins in sheep are the same as in cow
and goat milk (Park et al., 2007) and are divided into the
two  classes caseins and whey proteins. Within the caseins
the four fractions s1-(CSN1S1), s2-(CSN1S2), -(CSN2),
and -casein (CN; CSN3) are distinguished. Caseins are the
major proteins in sheep milk and form 76–83% of total
protein (Hinrichs, 2004; Mercier et al., 1978; Park et al.,
2007). Sheep milk whey proteins account for 17–22% of
ss article under the CC BY-NC-ND license (http://creativecommons.org/
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otal proteins (Park et al., 2007. The two whey proteins in
uminant milk, which are synthesised within the udder,
re -lactalbumin (-LA; LALBA)  and -lactoglobulin (-
G, LGB; Mercier et al., 1978). The CN genes CSN1S1, CSN2,
SN1S2, and CSN3, are tightly linked within a 250 kb cluster
Bevilacqua et al., 2006; Lévéziel et al., 1991; Threadgill
nd Womack, 1990) on ovine chromosome 6 (OAR6) (de
ortari et al., 1998; Animalgenome, 2013http://www.
nimalgenome.org/sheep/maps/; Livestockgenomics,
013http://www.livestockgenomics.csiro.au/). LALBA
nd LGB genes are both localised on ovine chromo-
ome 3 (Hayes and Petit, 1993; Hayes et al., 1993;
ttp://www.animalgenome.org/sheep/maps/; http://
ww.livestockgenomics.csiro.au/; Imam Ghali et al.,
991).
So far, nine alleles (A–I) of s1-CN in ovine milk
ave been identiﬁed by protein electrophoresis or chro-
atography (Chianese et al., 1996; Giambra and Erhardt,
012a; Giambra et al., 2010a; Pirisi et al., 1999; Wessels
t al., 2004), whereas reasonable sequence differences have
een published only for s1-CN/CSN1S1 A, C, D (Ferranti
t al., 1995), E (Chianese et al., 2007), H, and I (Giambra
t al., 2010b,c). On molecular level the phenotype s1-
N C is diffentiated in CSN1S1*C′ and C′′. CSN1S1*C′′ and
SN1S1*C′ differ by a g.137T > C-single nucleotide poly-
orphism (SNP; GenBank acc. no. FJ440845) concerning
.Ile194Thr of the mature protein (Ceriotti et al., 2005).
Within ovine s2-CN the nine alleles A-G (Boisnard
t al., 1991; Giambra and Erhardt, 2012a,b; Giambra et al.,
010a; Picariello et al., 2009) as well as A′ and B′ (Corral
t al., 2013; Padilla et al., 2013) are identiﬁed with known
equence differences in different distribution over breeds.
owever, on protein level, CSN1S2*G is hidden behind the
s2-CN-phenotype A in isoelectric focusing and differences
etween A and A′, respectively, between B and B′ were
ot identiﬁed until now (Giambra and Erhardt, 2012b).
SN1S2*G is due to a c.527G > A-SNP (GenBank acc. no.
U169089) in exon 15 of ovine CSN1S2 leading to the amino
cid exchange p.Arg161His (Giambra and Erhardt, 2012b)
ot leading to an IEF pattern different from s1-CN A.
For ovine -CN ﬁve variants in electrophoretic patterns
ave been found, which are due to differences in phos-
horylation degree and not due to amino acid exchanges
Chianese et al., 1995; Martin et al., 2003; Richardson
nd Mercier, 1979). Further variability in electrophoretic
obility was not found (Giambra et al., 2010a; Moioli
t al., 2007). However, DNA-based studies demonstrated
olymorphisms within the coding sequence of ovine CSN2
ike an A > G-SNP lying within exon 7 and leading to the
educed amino acid exchange p.Met183Val (Bastos et al.,
001; Ceriotti et al., 2004; Chessa et al., 2010; Corral et al.,
010). This p.Met183Val amino acid exchange could not be
ecognised at protein level using electrophoretic methods
efore, because both amino acids are neutral (Ceriotti et al.,
004).
Most studies could not identify any electrophoretic pro-
ein variation for ovine -CN (Chessa et al., 2003; Moioli
t al., 1998), but non-genetic polymorphisms occur due
o varying degrees of glycosylation and phosphorylation
Calavia and Burgos, 1998; Moreno et al., 2000). How-
ver, two -CN protein fractions were isolated by Alaisesearch 121 (2014) 382–394 383
and Jollès (1967), but a corresponding genetic polymor-
phism has never been suggested at protein level (Ceriotti
et al., 2004). More recently, molecular analyses of ovine
CSN3, mainly of exon 4, revealed synonymous and non-
synonymous sequence differences (Ceriotti et al., 2004;
Feligini et al., 2005; Pariset et al., 2006). Sequencing of CSN3
mRNA led to the identiﬁcation of a g.331A > G-SNP (Gen-
Bank acc. no. KC963135 and KC963136) in exon 2 in East
Friesian Dairy (EFD) sheep (Giambra and Erhardt, 2014).
Additionally, a microsatellite within intron 3 of ovine CSN3,
previously described for bovine CSN3, was  identiﬁed with
ﬁve alleles in sheep (Corral et al., 2010; Maddox et al.,
2001).
Two -LA protein patterns A and B were made evident
by gel electrophoresis of sheep milk (Schmidt and Ebner,
1972). -LA A is the most common allele, while variant B is
rare and seems to be conﬁned to speciﬁc breeds (Amigo
et al., 2000; Erhardt, 1989a). Recently, sequencing of all
exons, introns, the promoter region, and the 3′UTR of LALBA
gene identiﬁed 31 additional polymorphisms, whereas one
out of them (g.242T > C; GenBank acc. no. AB052168) was
located within the coding gene sequence and was predicted
to cause an amino acid exchange in the protein (p.Val27Ala;
García-Gámez et al., 2012). A LALBA-SNP included in the
Illumina OvineSNP50 BeadChip lies in intron 3, is probably
linked to the non-synonymous g.242T > C-SNP (p.Val27Ala;
GenBank acc. no. AB052168) in exon 1 (García-Gámez et al.,
2012).
Within ovine -LG (LGB) three alleles A, B, and C and
their amino acid sequence differences (Bell and McKenzie,
1967; Erhardt, 1989b; Kolde and Braunitzer, 1983) as well
as the reasonable DNA-sequence differences lying within
exon 2 and 5 are described (Ali et al., 1990; Prinzenberg
and Erhardt, 1999).
The variability within milk proteins is of importance as
associations to quantitative and qualitative parameters in
milk are described mainly in cattle and goats (Boettcher
et al., 2004; Ikonen et al., 2001; Martin et al., 2002),
which are proposed to be or are already included in breed-
ing strategies (Manfredi et al., 1995; Rendel and Harris,
1997; Sanchez et al., 2005). Also in sheep the objective to
include molecular genetic markers in selection to improve
milk production and composition was mentioned (Árnyasi
et al., 2009). In the beginning, ﬁrst association studies for
sheep were not comprehensive, analysed only single gene
inﬂuences and no CN haplotypes and revealed partly con-
troversial results (Amigo et al., 2000; Barillet et al., 2005).
Ovine milk containing CSN1S1 genotype CC showed for
example a higher protein and/or fat content than milk of
animals with CSN1S1 genotype AC,  BC,  CD,  or DD (Chianese
et al., 1997; Mroczkowski et al., 2004; Pirisi et al., 1999).
Furthermore, CSN1S1 CH showed signiﬁcant positive asso-
ciation with higher fat percent and yield and a tendency
to higher milk yield (Giambra et al., 2010d, 2011) also
described by Wessels et al. (2004). CSN1S2 genotype AB was
signiﬁcantly advantageous in comparison to AA in German
EFD sheep for milk and fat yield (Wessels et al., 2004). Fur-
thermore, signiﬁcant associations between s2-CN B and
protein yield and content (Giambra et al., 2010d, 2011;
Giambra and Erhardt, 2012b) were identiﬁed. Corral et al.
(2013) identiﬁed signiﬁcant effects of the CSN1S2*A,  A′, B,
inant R384 I.J. Giambra et al. / Small Rum
and B′ alleles on milk composition with independent effects
of the two reasonable amino acid exchanges p.Asp75Tyr
and p.Ile105Val. Type 1 of the ﬁve -CN electrophoretic
patterns of Chianese et al. (1995) was associated with
higher protein content, dry matter, and non-fatty solids
than type 2 (Caio et al., 2007). The G-allele of the g.226A > G-
SNP (GenBank acc. no. AY444504; p.Val183) in CSN2 was
associated with higher milk yield, whereas the A-allele
(p.Met183) led to an increase of fat and protein content
(Corral et al., 2010). Latter association was not conﬁrmed by
Giambra and Erhardt (2012b). Corral et al. (2010) identiﬁed
an association between the CSN3 microsatellite and milk
yield and composition in Spanish Merino sheep, whereas
the microsatellite genotypes K1K4 and K3K3 were cor-
related with the highest milk yield. Although, partly CN
haplotypes were included in association analyses in a few
cases (Corral et al., 2010; Giambra et al., 2010d, 2011),
current knowledge about the ovine CN haplotypes is very
scarce (Corral et al., 2013) especially in association to milk
performance traits, while in cattle and goat numerous stud-
ies are already available (Caroli et al., 2009; Gigli et al.,
2008; Küpper et al., 2010).
The LALBA-SNP included in the Illumina OvineSNP50
BeadChip showed signiﬁcant association to fat and protein
percentage in Spanish Churra sheep (García-Gámez et al.,
2012).
Mostly, a favourable effect of LGB genotype BB on milk,
protein, and fat yield (Bolla et al., 1989; Corral et al., 2010;
Giambra et al., 2010d, 2011; Giambra and Erhardt, 2012b;
Rampilli et al., 1997) was determined, whereas ewes with
LGB genotype AA produced the highest fat and protein per-
centages (Giambra et al., 2010d, 2011; Ramos et al., 2009;
Wessels et al., 2004) and higher cheese yield (Rampilli
et al., 1997). However, also contrary or no associations were
found between LGB alleles and milk performance traits
(Giaccone et al., 2000; Mele et al., 2007; Mroczkowski et al.,
2004; Recio et al., 1997; Staiger et al., 2010).
Milk protein polymorphisms have various usage-
potentials like the described associations to milk perfor-
mance traits and cheese making ability, and like effects
on the existence or non-existence of bioactive peptides
or allergic epitopes. Therefore, the aim of this study was
to determine the allele and genotype frequencies of milk
protein polymorphisms by isoelectric focusing and DNA-
based testing in the two common dairy sheep breeds EFD
and Lacaune (LAC). Furthermore, milk performance test-
ing results were used to estimate milk protein allele and
genotype effects on milk production traits.
2. Material and methods
2.1. Sheep milk samples
Milk samples (n = 403) of 204 LAC and 107 EFD herd-
book sheep from Switzerland as well as 92 LAC sheep from
Germany were collected during routine milking in three
different ﬂocks.We  focused on EFD and LAC as these are two dairy sheep
breeds used worldwide.
The EFD sheep is a white, black or brindled German dairy
sheep breed with high milk performance and fertility. Dueesearch 121 (2014) 382–394
to this EFD are widespread all over the world and often
used in cross-breeding programs with local breeds (Barillet,
1997), for example in the development of Assaf sheep in
Israel. Milk performance is described with 400–600 kg milk
per lactation with 5–6% fat and 4–5% protein in the breed-
ing goal of this breed in Germany (VDL, 2013).
The LAC sheep is a traditionally dual-purpose breed,
farmed in the Roquefort area and mainly used for the pro-
duction of Roquefort cheese (Barillet et al., 2001). Due
to broad genetic improvement programs, including milk
recording programs, the Lacaune breed is now the main
French dairy sheep breed and one of the high milk yield
sheep breeds over the world. Since the 1990s, LAC sheep
are imported in many other countries, like Switzerland or
Germany for sheep milk production (Barillet et al., 2001).
Today, the breeding goal for LAC kept in Germany is 600 kg
per lactation (VDL, 2013).
2.2. Isoelectric focusing (IEF)
A ﬁrst screening of milk protein variants at protein level
in all sheep milk samples was  performed by IEF according
to Erhardt (1989c) and Giambra et al. (2010c) in 0.3 mm
thin polyacrylamide gels with a gradient of pH 3.0–6.0
using carrier ampholytes. After ﬁxation and staining, vari-
ants were manually scored using sheep milk samples with
known variants as a reference.
2.3. DNA-based tests
The differentiation between CSN1S1*C′ and C′′, both
typed as s1-CN C at IEF-level, was made according to
Ceriotti et al. (2004) by polymerase chain reaction (PCR)
single strand conformation polymorphism (SSCP) analyses
(PCR 1, Table 1).
CSN1S2*G, hidden behind s2-CN A in IEF-gels,
was  typed according to Giambra and Erhardt (2012b)
by PCR–restriction fragment length polymorphism
(RFLP)–analysis (PCR 2, Table 1) with the restriction
enzyme HphI (New England Biolabs, Frankfurt am Main,
Germany).
Additionally, the g.226A > G-SNP within exon 7 of ovine
CSN2 (GenBank acc. no. AY444504), leading to the amino
acid substitution p.Met183Val, was  typed by PCR-RFLP
(PCR 3, Table 1). The PCR-product of 388 bp was restricted
with the enzyme BseSI (Fermentas, St-Leon Roth, Germany)
at 55 ◦C overnight. Afterwards, the resulting fragments
were separated on a 3.5% agarose gel. Allele g.226G coding
for p.Val183 leads to the occurrence of a further restriction
site of BseSI (5′-GKGCM C-3′). Digested fragments were
separated on a 3.5% agarose gel and detected via ethidium
bromide staining.
To screen for the g.331A > G-SNP (GenBank acc. no.
KC963135 and KC963136) in exon 2 of ovine CSN3 a PCR
based on ampliﬁcation created restriction site (ACRS-PCR;
Haliassos et al., 1989; Lien et al., 1992) was done (PCR 4,
Table 1). The ACRS-PCR created a DNA fragment of 224 bp
with an artiﬁcial restriction site for TaqI (5′-T CGA-3′;
Fermentas, St. Leon Roth, Fermentas). PCR products were
digested overnight at 65 ◦C; digested fragments were again
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Table 1
Primer sequences, reaction conditions, resulting product sizes for DNA-based tests and respective references for four SNPs and one microsatellite in the four ovine casein genes.
PCR-number Gene Typed casein
allele/marker
Primer forward (5′–3′) (GenBank
acc. no. and location)
Primer reverse (5′–3′)
(GenBank acc. no. and
location)
Mga
concentration
(mM)
ATb
(◦C)
Cycles
(n)
Product size
(bp)
Reference(s)
1 CSN1S1 CSN1S1*C′ or C′′
g.137T > C; p.Ile194Thr
(AY444506)
cactgttgctttttcaatggtc (X59856;
g.26018-26039)
aaggcaacaatatgcagtcattt
(X59856;
g.26240-26218)
2.0 60.0 35 223 Ceriotti et al. (2004)
2 CSN1S2 CSN1S2*A or G
c.527G > A;
p.Arg161His
(GU169089)
tgtcatatggacacagagaatgc
(BOVCASAS2X; g.13919–13941)
ggtacctgtcttcgggataattt
(BOVCASAS2X;
g.14573–14551)
3.0 56.0 35 655 Giambra and Erhardt
(2012b)
3 CSN2 g.226A > G;
p.Met183Val
(AY444504)
tctgcctctggtccagtctt
(NM 001009373; g.513-532)
gaggggaggtgaaggttttc
(AJ011018;
g.9210-9191)
3.0 64.0 35 388 Bastos et al. (2001),
Ceriotti et al. (2004),
Chessa et al. (2010),
Corral et al. (2010), this
paper
4  CSN3 g.331A > G (KC963135) ctagttgtgactatcctggcatc(KC963135;
g.308-329)
ttcctagagaccagaagaatatcca
(KC963135; g.531-507)
2.0 53.0 35 224 Giambra and Erhardt
(2014)
5 CSN3 Microsatellite intron 3 gtttcttataaacccaggaatccacatca
(AY380229: g.12007-12028)
6-FAM-
gttgcactttataagcaccacag
(AY380229:
g.12288-12266)
1.0 59 35 283–311 I. J. Giambra,
unpublished data
Bold and underlined = miss paired nucleotide for the establishment of an artiﬁcial restriction site.
a Mg = magnesium.
b AT = Annealing temperature.
inant R386 I.J. Giambra et al. / Small Rum
separated on a 3.5% agarose gel and detected via ethidium
bromide staining.
Typing the CSN3 microsatellite was performed by
length-analysis of the PCR No. 5 products (Table 1) with the
ABI Genetic Analyzer 3130 (Life Technologies, Darmstadt,
Germany) setting the run-time on 900 s and the injection-
time on 10–16 s, depending on the concentration of the
PCR-product. The forward primer included a 5′-PIG-tail
(gtttctt) to facilitate genotyping of the microsatellite alleles
according to Brownstein et al. (1996), and the reverse
primer was labelled with 6-FAM.
2.4. Milk performance traits
200-day lactation data for the Swiss EFD and LAC
sheep and 150-day lactation data for the LAC sheep reared
in Germany were available from the breeding organisa-
tions, determined in the course of routine milk recording
tests according to the “International Committee for Animal
Recording” Guidelines (http://www.icar.org/). Values for
milk, fat, and protein yield (in kg) and fat and protein con-
tent (in %) analysed by infrared spectrometry (Combi-Foss,
Hillerod, Denmark) were included in the association study.
Additionally, test day records of the Swiss sheep for the lac-
tation in 2012 were available. From these test day records
linear regression coefﬁcients were estimated to calculate
the 150 day lactation traits out of the available 200 day
lactation data, to make the milk performance information
from Swiss and German sheep comparable. Therefore, in
total 585, 166, and 394 150-day lactation data were avail-
able for the Swiss LAC, the German LAC and the Swiss EFD
sheep, respectively.
2.5. Statistical analyses
Allele and genotype frequencies were calculated with
program PopGene V 1.31 (Yeh et al., 1997). A chi-square
(2) test was performed to identify possible deviations
from Hardy-Weinberg equilibrium (HWE) expectations
for the distribution of genotypes. Additionally, differences
between allele frequencies between LAC and EFD and
between Swiss and German LAC were calculated using 2-
tests.
Including all CN SNP alleles with frequencies >0.05 in
minimum in one population, haplotype frequencies were
estimated with EH software (Xie and Ott, 1993). Further-
more, the occurrence of linkage disequilibrium between
the four CN genes was estimated.
For association studies, data were analysed with the
MIXED procedure of SAS® 9.3 (SAS Institute Inc., Cary, NC,
USA). Dependent variables in the analysis were milk, fat,
and protein yield as well as fat and protein content. Beside
the milk protein genotypes g the number of lactation (1,
2, ≥3) and the year of lambing (2007, 2008, 2009, 2010,
2011, and 2012) were included as ﬁxed effects in the model.
To account for the repeated lactation data of the ewes the
animal was included as random effect in the model.
The 150 day lactation data were analysed within EFD
using the following model:esearch 121 (2014) 382–394
yijklm =  + lactnri + yearj + gk + animall + eijklm
yijklm = milk kg, fat kg, fat%, protein kg, or protein %, respec-
tively.
 = the overall mean
lactnri = ﬁxed effect of lactation number
yearj = ﬁxed effect of year of lambing
gk = ﬁxed effect of milk protein genotype
animall = random effect of animal
eijklm = random residual error.
The model used for the analysis of the 150 day lacta-
tion data within the LAC sheep included additionally the
ﬁxed effect of origin (Germany, Swiss) and the interaction
between milk protein genotype and origin and was as fol-
lowed:
yijklmn =  + lactnri + yearj + gk + originl + (g × origin)kl
+ animalm + eijklmn
yijklmn = milk kg, fat kg, fat%, protein kg, or protein %,
respectively.
 = the overall mean
lactnri = ﬁxed effect of lactation number
yearj = ﬁxed effect of year of lambing
gk = ﬁxed effect of milk protein genotype
originl = ﬁxed effect of origin (Germany, Swiss)
(g × origin)kl = interaction between milk protein geno-
type and origin
animalm = random effect of animal
eijklmn = random residual error.
Furthermore, allele substitution effects were calculated
for the effects of the milk protein alleles on milk per-
formance traits using the above shown models, whereas
the effect of milk protein genotype was replaced by the
number of copies of alleles (0, 1, or 2) as covariate in
the model. The allele with the highest frequency over all
breeds/populations was  set as standard allele (see Table 7).
3. Results and discussion
3.1. Allele and genotype frequencies
IEF of all 403 milk samples led to the identiﬁcation of
the s1-CN alleles C and H, s2-CN A, B, and C, as well as
-LG A and B (Table 2). All milk samples were monomor-
phic for -LA A and -CN, and within -CN only differences
in the intensity and not in the position of the bands
could be identiﬁed. Within s1-CN the regularly described
alleles A and D could not be identiﬁed in both dairy sheep
breeds within this study. Both alleles are known to be dis-
advantageous for milk performance and cheese making
abilities (Mroczkowski et al., 2004; Pirisi et al., 1999; Ramos
et al., 2009). The s1-CN allele H occurred only in EFD as
described in recent studies, where it was identiﬁed in Ger-
man  and Dutch EFD (Giambra et al., 2010a,d; Wessels et al.,
2004) with comparable frequencies. This demonstrates the
ﬁxation of this apparently breed speciﬁc casein allele in
different independent populations of EFD.
All allele frequencies between EFD and LAC are sig-
niﬁcantly different as well as the differences in allele
I.J. Giambra et al. / Small Ruminant Research 121 (2014) 382–394 387
Table  2
Allele frequencies of all identiﬁed milk protein alleles typed by IEF or DNA-based methods in EFD and LAC sheep.
Milk protein Allele Typing method Allele frequencies
EFD LAC (Switzerland) LAC (Germany) LAC (total)
s1-CN/CSN1S1 A IEF 0.0000 0.0000 0.0000 0.0000
Ca IEF 0.8131 1.0000 1.0000 1.0000
C′
(g.137C; GenBank acc. no. AY444506)
PCR-SSCP 0.4533 0.2917 0.4945 0.3542
C′′
(g.137T; GenBank acc. no. AY444506)
PCR-SSCP 0.3598 0.7083 0.5055 0.6458
D  IEF 0.0000 0.0000 0.0000 0.0000
H  IEF 0.1869 0.0000 0.0000 0.0000
s2-CN/CSN1S2 Ab IEF 0.4159 0.7021 0.7582 0.7201
A
(c.527G; p.Arg161; GenBank acc. no.
GU169089)
PCR-RFLP 0.4159 0.6373 0.7582 0.6761
G
(c.527A; p.His161; GenBank acc. no.
GU169089)
PCR-RFLP 0.0000 0.0648 0.0000 0.0440
B  IEF 0.5794 0.2927 0.2418 0.2764
C  IEF 0.0047 0.0052 0.0000 0.0035
D  IEF 0.0000 0.0000 0.0000 0.0000
-CN/CSN2  g.226A
(p.Met183; GenBank acc. no. AY444504)
PCR-RFLP 1.0000 0.6490 0.7473 0.6799
g.226G
(p.Val183; GenBank acc. no. AY444504)
PCR-RFLP 0.0000 0.3510 0.2527 0.3201
-CN/CSN3  g.331A
(GenBank acc. no. KC963135)
PCR-RFLP 0.8037 1.0000 1.0000 1.0000
g.331G
(GenBank acc. no. KC963135)
PCR-RFLP 0.1963 0.0000 0.0000 0.0000
283  bp 0.0000 0.0049 0.0000 0.0034
285  bp 0.0093 0.0345 0.0055 0.0255
287  bp 0.4393 0.3424 0.4615 0.3793
289  bp 0.0093 0.0394 0.0824 0.0527
291  bp 0.0000 0.0049 0.0000 0.0034
293  bp 0.0000 0.0345 0.0000 0.0238
-CN/CSN3 295  bp Length analysis 0.1636 0.3424 0.1868 0.2942
297  bp 0.3692 0.1897 0.2143 0.1973
299  bp 0.0047 0.0000 0.0055 0.0017
303  bp 0.0047 0.0000 0.0000 0.0000
311  bp 0.0000 0.0074 0.0440 0.0187
-LA/LALBA  A IEF 1.0000 1.0000 1.0000 1.0000
B  IEF 0.0000 0.0000 0.0000 0.0000
-LG/LGB A  IEF 0.8318 0.4363 0.4891 0.4527
f
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a Sum of CSN1S1*C′ and C′′ , not possible to differentiate on IEF-level.
b Includes CSN1S2*G and (probably) CSN1S2*A′ .
requencies between Swiss and German LAC except for -
G.
Further differences in allele frequency could be demon-
trated between EFD and LAC at protein level. Within
s2-CN allele A was predominant in LAC, whereas in EFD
llele B showed higher frequency (Table 2). Furthermore,
-LG A was clearly predominant in EFD, whereas in both
AC populations -LG B occurred in higher frequencies.
lthough, both breeds are dairy breeds, we can identify
rst breed speciﬁc differences in comparing both sheep
reeds. This is perhaps due to differences in the intensity
nd orientation of breeding programs over the last years,
hereas selection intensity is much higher in LAC than in
FD (Barillet et al., 2001).
Concerning the differentiation of s1-CN C into
SN1S1*C′ or C′′ on molecular level by typing with a
CR-SSCP-analysis according to Ceriotti et al. (2004)
′′ is the predominant allele in both LAC populations.
owever, the frequencies of C′ and C′′ are relatively0.1682 0.5637 0.5109 0.5473
balanced in the German LAC, whereas CSN1S1*C′′ shows
a clear predominance (0.7083) in the Swiss LAC. Ceriotti
et al. (2005) called CSN1S1*C′ as the ancestral CSN1S1
allele due to sequence comparisons with cattle and
goat, whereas CSN1S1*C′′ was also predominant in the
Italian sheep breeds Comisana, Gentile di Puglia, Mass-
ese, Sarda, and Sopravissana (Ceriotti et al., 2005). In
a recent study CSN1S1*C′′ was also the dominant allele
in German EFD (Giambra et al., 2012c). However, in
the present study CSN1S1*C′ shows higher allele fre-
quency than CSN1S1*C′′ in the Swiss EFD, perhaps due
to a broad usage of rams with CSN1S1*C′ in the last
years.
CSN1S2*G, hidden behind s2-CN A on IEF-level, did not
occur at all in EFD and in the German LAC. In the Swiss LAC
sheep CSN1S2*G had a very low allele frequency (0.0648)
and no animal carried CSN1S2 genotype GG.  This can be a
hint for indirect selection against CSN1S2*G in dairy breeds.
However, association studies concerning milk performance
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Fig. 1. Interaction between CSN1S2 genotypes (AA, AB, others) and fat %
and the origin of the LAC sheep. Different letters mark signiﬁcant differ-388 I.J. Giambra et al. / Small Rum
traits do not exist to date and should be made including also
further dairy breeds.
The PCR-RFLP-analysis for the g.226A > G SNP of CSN2
with BseSI led to fragment sizes of 15 bp, 129 bp, and 244 bp
in the case of g.226G coding for p.Val183 and of 129 bp
and 259 bp in the case of g.226A coding for p.Met183
(GenBank acc. no. AY444504). This SNP occurred only in
LAC sheep. EFD sheep were all homozygous for g.226A,
whereas in both LAC populations g.226G had a moder-
ate frequency of 0.2527, respectively, 0.3510. All possible
genotypes (AA, AG, and GG) occurred. These frequencies
of the g.226G-allele are comparable with those in Italian
breeds (Ceriotti et al., 2004) and in Spanish Merinos (Corral
et al., 2010).
The ACRS-PCR-RFLP-analysis of the g.331A > G-SNP
(GenBank acc. no. KC963135 and KC963136) in ovine CSN3
with TaqI caused fragments of 22 bp und 202 bp in the case
of g.331G, whereas allele A did not determine a recognition
site for TaqI and the ACRS-PCR-product (PCR no. 4, Table 1)
remains unrestricted (224 bp). This SNP occurred in all pos-
sible genotypes in EFD, whereas German and Swiss LAC
were monomorph for allele g.331A.
Length analysis of PCR No. 5 (Table 1) for genotyping of
the CSN3 microsatellite within intron 3 identiﬁed in total 11
alleles with sizes of 283, 285, 287, 289, 291, 293, 295, 297,
299, 303, and 311 bp, whereas the alleles 287 bp, 295 bp,
and 297 bp were predominant in all populations (Table 2).
On the one side, the 311 bp allele for example occurs only in
LAC from both countries and not in Swiss EFD. The results
of the present microsatellite analysis are not really com-
parable with the results of Corral et al. (2010) as we  used
different PCR primers.
Over all typing methods, all markers were in HWE  with
exception of the microsatellite in CSN3 in Swiss LAC and
LGB in EFD. In both systems a higher proportion of het-
erozygotes than expected were observed which could be a
sign of speciﬁc usage of special rams for example.
3.2. Haplotype frequencies
The estimation of CN haplotypes (CSN1S1-CSN2-
CSN1S2-CSN3) identiﬁed in total 8 of the 48 possible
haplotypes in EFD and 11 of 48 possible ones over all LAC
(Table 3), whereas C′AAA, C′′AAA, C′′GAA, C′′ABA, and HABG
exhibited the highest frequencies.
The 2-test showed a highly signiﬁcant association
between the four CN loci (P ≤ 0.001) and conﬁrms the link-
age disequilibrium of these four genes, which are lying
within a 250 kb cluster (Bevilacqua et al., 2006; Lévéziel
et al., 1991; Threadgill and Womack, 1990) on OAR6.
Therefore, the CN alleles are not independently inherited
and a possible linkage of CN alleles should be included
in further studies also in sheep, as already described
for cattle and goat (Caroli et al., 2009; Küpper et al.,
2010).
The observed lower than expected frequencies of C′GAA,
C′GBA, and C′GGA and a higher observed frequency than
expected of C′AAA in all populations are a clear hint for a
linkage between CSN1S1*A,  CSN2*A, CSN1S2*A,  and CSN3*A,
as already described earlier for German EFD (Giambra et al.,
2012c). This is underlined by a lower observed frequencyences of the genotype effects on fat % within the respective population or
across both populations. LAC G = German LAC sheep; LAC CH = Swiss LAC
sheep; ns = not signiﬁcant.
of C′′AAA in all populations compared with the expected
frequencies in the case of independent inheritance.
Furthermore, C′′ABA shows a higher observed haplotype
frequency, due to a probable linkage between CSN1S1*C′′
and CSN1S2*B.  In LAC, CSN1S1*C′′ is furthermore linked with
CSN2*G, not occurring in EFD. CSN1S1*H,  only identiﬁed in
EFD, mainly occurs within the haplotype HABG.  Therefore,
we can presume a linkage between CSN1S1*H and CSN2*A,
CSN1S2*B,  and CSN3*G. As CN haplotype studies in sheep
are until now very scarce (Corral et al., 2013) these results
are a clear hint for their importance in future ovine milk
protein studies.
3.3. Association studies
Highly signiﬁcant effects of number of lactation and year
of lambing on all milk performance traits (Table 4) con-
ﬁrm environmental inﬂuences on milk production traits
in sheep (Ruiz et al., 2000). In the case of the LAC
sheep furthermore the origin has a signiﬁcant inﬂuence
on the yield traits. This is probably more a farm effect
than a breed effect but due to missing pedigree infor-
mation we  cannot calculate any relationship between
the ﬂocks. This effect of origin is not signiﬁcant for fat
and protein percentage which supports possible farm
effects, as milk yield and therefore also fat and protein
yield in kg are more inﬂuenced by feeding differences
between farms than fat or protein content, having higher
heritabilities (Barillet and Boichard, 1987; Ikonen et al.,
2004).
Of special interest in this study are the effects of
milk protein genotypes on milk performance traits. Here
we could demonstrate mainly effects on protein content
(Table 4).
In detail the effects of the single milk protein alleles
and genotypes are described and discussed in the follow-
ing paragraphs. Additionally, we  could identify a signiﬁcant
interaction between the CSN1S2 genotype effect and the
origin of the LAC sheep for fat % (Table 4). German LAC with
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Table  3
Expected and estimated haplotype frequencies at the casein loci in LAC and EFD.
Casein Haplotype frequencies
CSN1S1 CSN2 CSN1S2 CSN3 EFD***c
(n = 106)
LAC ***
(Switzerland;
n = 188)
LAC ***
(Germany;
n = 91)
LAC *** (total;
n = 279)
IFa AFb IF AF IF AF IF AF
C′ A A A 0.149 0.410 0.123 0.170 0.280 0.399 0.167 0.253
C′ G A A – – 0.067 0.006 0.095 0.076 0.079 0.032
C′ A B A 0.210 0.038 0.055 0.099 0.089 0.000 0.067 0.060
C′ G B A – – 0.030 0.009 0.030 0.019 0.031 0.008
C′ A G A – – 0.012 0.011 – – 0.011 0.006
C′ G G A – – 0.007 0.000 – – 0.005 0.000
C′ A A G 0.037 <0.001 – – – – – –
C′ A B G 0.052 0.000 – – – – – –
H  A A A 0.063 0.000 – – – – – –
H  A B A 0.088 0.005 – – – – – –
H  A A G 0.016 0.000 – – – – – –
H  A B G 0.022 0.184 – – – – – –
C′′ A A A 0.121 0.005 0.294 0.159 0.286 0.125 0.297 0.144
C′′ G A A – – 0.161 0.311 0.097 0.158 0.140 0.253
C′′ A B A 0.170 0.344 0.132 0.155 0.091 0.222 0.119 0.180
C′′ G B A – – 0.072 0.027 0.031 <0.001 0.056 0.026
C′′ A G A – – 0.029 0.053 – – 0.019 0.037
C′′ G G A – – 0.016 <0.001 – – 0.009 <0.001
C′′ A A G 0.030 0.000 – – – – – –
C′′ A B G 0.042 0.014 – – – – – –
(–) Not occurring haplotypes, as one of the alleles of the respective haplotype is not occurring in the respective population/breed. Only alleles with a
frequency higher than 0.05 in minimum one population were taken into consideration, leading to the exclusion of CSN1S2*C.
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a*** Signiﬁcance of association between casein loci p < 0.001.
a IF = expected haplotype frequencies under the independence hypothe
b AF = estimated haplotype frequencies taking association into account
SN1S2 genotypes AA and AB differ signiﬁcantly in fat % in
ontrast to Swiss LAC (Fig. 1).
.3.1. Allele and genotype effects on milk performance
raits
Least square means and standard errors of genotype
ffects on milk performance traits were estimated for
oth breeds for the ﬁve milk proteins CSN1S1, CSN1S2,
SN2, CSN3, and LGB (Table 5 and Table 6). To clarify
n more detail the effect of the individual milk protein
lleles the allele substitution effects (Table 7) of alternative
lleles in comparison to one standard allele were addi-
ionally estimated. Due to highest allele frequencies over
ll breeds/populations we postulated CSN1S1*C′′, CSN1S2*A,
SN2*A,  CSN3*A, CSN3 microsatellite allele 287 bp, and
GB*A as standard alleles.
In both dairy sheep breeds LAC and EFD CSN1S1*C′′
s signiﬁcantly (P ≤ 0.01, respectively P ≤ 0.001) associated
ith a higher protein content (Tables 5 and 6), being
n concordance with the signiﬁcant negative allele sub-
titution effect of alleles CSN1S1*C′ and H (Table 7) for
rotein content. EFD animals with CSN1S1 genotype C′′C′′
re furthermore signiﬁcantly associated with highest pro-
ein yield and show tendencies for a higher milk and fat
ield and fat content (Table 6), also visible in the estimated
ffect of the allele substitution on protein yield in this breed
Table 7).Allele substitution effect of CSN1S1*H in comparison to
SN1S1*C′′ demonstrated negative effects on all milk per-
ormance traits, being signiﬁcant in the case of protein yield
nd content (Table 7). As also CSN1S1*C′ is associated withnegative effects on all milk traits in EFD, the high frequency
of this allele in this breed is surprisingly and probably
explainable by a broad usage of rams with CSN1S1*C′. In
recent studies CSN1S1*C′′ was also the dominant allele in
German EFD (Giambra et al., 2012c), probably due to selec-
tion for milk performance. Selection of both of these dairy
sheep breeds can also be the reason for the missing of
CSN1S1*A and D alleles, which are associated with lower
protein and/or fat content and worse renneting properties
and cheese-making characteristics (Chianese et al., 1997;
Mroczkowski et al., 2004; Pirisi et al., 1999).
CSN1S2 genotype did not show signiﬁcant effects on
milk performance traits (Tables 5 and 6), however EFD
sheep with CSN1S2 AA had the lowest yield and content
values for all traits (Table 6) in comparison to animals
with CSN1S2 AB or BB.  This positive effect of CSN1S2*B
is underlined by the positive allele substitution effect in
comparison to CSN1S2*A in this breed (Table 7). Also in
LAC sheep CSN1S2*B shows positive effect on all traits
except of fat content leading to highest milk, protein,
and fat yield and protein content in milk of animals
with CSN1S2 AB.  The advantageous effect of CSN1S2*B
in comparison to CSN1S2*A for milk, fat, and protein
yield and protein content has already been presumed
in earlier studies for EFD (Giambra et al., 2010d, 2011;
Giambra and Erhardt, 2012b; Wessels et al., 2004). Geno-
types standing behind “others” (AC, AG,  BB,  BG,  and CG)
in LAC are associated with the worst milk performance
values with exception of protein content. However, as
these genotypes showed low frequencies and include four
different CSN1S2 alleles, we  cannot directly determine
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Table  4
Signiﬁcances of the effects of year, lactation number, origin (of the LAC sheep) and the milk protein genotypes on milk performance traits.
Effect Breed Trait
Milk (kg) Fat (kg) Protein (kg) Fat (%) Protein (%)
Year LAC *** *** *** *** ***
EFD  *** *** *** *** ***
Lactation number LAC *** *** *** *** ***
EFD  *** *** *** *** ***
Origin  LAC *** *** *** NS NS
CSN1S1-genotype LAC NS NS NS NS **
EFD  NS NS * NS ***
Interactiona LAC NS NS NS NS NS
CSN1S2-genotype LAC NS NS NS NS NS
EFD  NS NS NS NS NS
Interactionb LAC NS NS NS * NS
CSN2-genotype (g.226A > G) LAC NS NS NS NS NS
Interactionc LAC NS NS NS NS NS
CSN3-gentoype (g.331A > G) EFD NS NS NS NS **
CSN3-genotype microsatellite LAC NS NS NS NS NS
EFD  NS NS NS NS **
Interactiond LAC NS NS NS NS NS
LGB-genotype LAC NS NS NS NS NS
EFD  NS NS NS ** **
Interactione LAC NS NS NS NS NS
NS = not signiﬁcant.
a Interaction between CSN1S1-genotype and the origin of the LAC sheep (Germany or Switzerland).
b Interaction between CSN1S2-genotype and the origin of the LAC sheep (Germany or Switzerland).
c Interaction between CSN2-genotype and the origin of the LAC sheep (Germany or Switzerland).
d Interaction between CSN3 microsatellite genotype and the origin of the LAC sheep (Germany or Switzerland).
e Interaction between LGB-genotype and the origin of the LAC sheep (Germany or Switzerland).
Table 5
Estimated genotype effects on milk performance traits (least square means and standard errors) in LAC sheep.
Genotype No. of lactations Trait
Milk (kg) Fat (kg) Protein (kg) Fat (%) Protein (%)
s1-CN/CSN1S1 C′C′ 69 372 ± 13 22.53 ± 0.71 18.67 ± 0.57 6.06 ± 0.11 5.06 ± 0.06
C′C′′ 352 371 ± 7 22.27 ± 0.39 18.81 ± 0.31 6.04 ± 0.06 5.12 ± 0.04
C′′C′′ 326 36787 21.86 ± 0.45 19.11 ± 0.36 5.96 ± 0.07 5.24 ± 0.04
s2-CN/CSN1S2 AA 304 373 ± 6 22.37 ± 0.35 18.85 ± 0.29 6.06 ± 0.06 5.09 ± 0.03
AB  282 378 ± 7 22.47 ± 0.42 19.49 ± 0.34 5.93 ± 0.07 5.20 ± 0.04
Othersa 126 359 ± 16 20.63 ± 0.90 18.46 ± 0.74 5.71 ± 0.15 5.18 ± 0.08
CSN2  g.226A > G (p.Met183;
GenBank acc. no. AY444504)
AA 305 373 ± 7 22.22 ± 0.37 18.87 ± 0.30 5.98 ± 0.06 5.11 ± 0.03
AG  347 367 ± 7 22.06 ± 0.40 18.87 ± 0.32 6.04 ± 0.07 5.18 ± 0.04
GG  75 372 ± 19 21.57 ± 1.12 19.16 ± 0.90 5.82 ± 0.18 5.19 ± 0.10
CSN3  microsatellite intron 3 287/287 88 359 ± 11 21.26 ± 0.65 18.14 ± 0.52 5.95 ± 0.11 5.08 ± 0.06
287/295 205 367 ± 11 21.96 ± 0.62 18.64 ± 0.50 6.03 ± 0.10 5.14 ± 0.06
287/297 133 378 ± 10 22.52 ± 0.57 19.14 ± 0.46 5.97 ± 0.09 5.10 ± 0.05
295/297 93 385 ± 13 22.36 ± 0.76 19.74 ± 0.61 5.80 ± 0.12 5.16 ± 0.07
297/297 25 393 ± 22 22.29 ± 1.26 19.25 ± 1.01 5.70 ± 0.21 4.95 ± 0.12
Othersb 207 364 ± 8 22.14 ± 0.47 18.83 ± 0.38 6.12 ± 0.08 5.22 ± 0.04
-LG/LGB  AA 133 371 ± 10 22.15 ± 0.59 18.72 ± 0.47 5.97 ± 0.09 5.09 ± 0.05
AB  387 372 ± 6 22.28 ± 0.35 19.06 ± 0.28 6.02 ± 0.06 5.17 ± 0.03
BB  229 367 ± 9 21.80 ± 0.51 18.63 ± 0.41 5.99 ± 0.08 5.12 ± 0.05
a Including CSN1S2 genotypes AC,  AG,  BB,  BG,  and CG,  as their genotype frequencies are ≤0.10.
b Including CSN3 microsatellite genotypes represented by a low number of animals with milk performance data.
I.J. Giambra et al. / Small Ruminant Research 121 (2014) 382–394 391
Table  6
Estimated genotype effects on milk performance traits (least square means and standard errors) in EFD sheep.
Genotype No. of lactations Trait
Milk (kg) Fat (kg) Protein (kg) Fat (%) Protein (%)
s1-CN/CSN1S1 C′C′ 82 289 ± 13 16.48 ± 1.00 13.91 ± 0.58 5.63 ± 0.19 4.90 ± 0.08
C′C′′ 138 286 ± 9 16.93 ± 0.70 14.21 ± 0.41 5.85 ± 0.13 5.07 ± 0.06
C′′C′′ 35 310 ± 16 19.07 ± 1.23 15.85 ± 0.71 6.14 ± 0.23 5.17 ± 0.10
C′H 93 279 ± 12 15.95 ± 0.89 13.34 ± 0.51 5.65 ± 0.16 4.78 ± 0.07
C′′Ha 46 273 ± 15 16.36 ± 1.17 13.65 ± 0.68 6.01 ± 0.22 5.06 ± 0.10
s2-CN/CSN1S2 AA 68 281 ± 14 16.06 ± 1.05 13.61 ± 0.62 5.70 ± 0.19 4.91 ± 0.09
AB  220 287 ± 8 16.85 ± 0.62 14.08 ± 0.36 5.80 ± 0.11 4.97 ± 0.05
BB  100 290 ± 10 17.39 ± 0.79 14.50 ± 0.46 5.96 ± 0.14 5.06 ± 0.07
CSN3  g.331A > G (GenBank acc.
no. KC963135)
AA 247 290 ± 7 17.13 ± 0.58 14.35 ± 0.34 5.85 ± 0.11 5.05 ± 0.05
AGb 147 280 ± 9 16.24 ± 0.73 13.62 ± 0.42 5.77 ± 0.13 4.89 ± 0.06
CSN3  microsatellite intron 3 287/287 60 277 ± 18 15.80 ± 1.19 13.56 ± 0.70 5.68 ± 0.22 4.99 ± 0.10
287/295 73 285 ± 13 16.42 ± 1.01 13.74 ± 0.59 5.72 ± 0.19 4.81 ± 0.08
287/297 172 291 ± 9 17.27 ± 0.66 14.36 ± 0.38 5.84 ± 0.12 5.03 ± 0.05
295/297 39 274 ± 16 16.39 ± 1.25 13.56 ± 0.73 6.05 ± 0.23 5.02 ± 0.10
297/297 25 291 ± 20 17.61 ± 1.53 15.20 ± 0.89 6.12 ± 0.28 5.30 ± 0.12
Othersc 25 293 ± 20 16.53 ± 1.50 13.93 ± 0.87 5.60 ± 0.28 4.77 ± 0.12
-LG/LGB  AA 238 284 ± 7 17.08 ± 0.58 14.13 ± 0.34 5.96 ± 0.10 5.04 ± 0.05
AB  156 289 ± 10 16.32 ± 0.74 14.02 ± 0.43 5.56 ± 0.13 4.89 ± 0.06
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Aa Including animals with CSN1S1 genotype HH (n = 3).
b Including animals with CSN3 genotype GG (n = 2).
c Including CSN3 microsatellite genotypes represented by a low numbe
he non-favourable allele. In future studies especially the
lleles CSN1S2*C and G should be analysed in this direc-
ion.
For the genotypes of the CSN2g.226A > G-SNP no sig-
iﬁcant effects are visible on milk performance traits in
AC sheep, whereas tendencies for a higher protein yield
ue to g.226G-allele are visible. The number of animals
ith genotype GG is probably too low to reveal signiﬁcant
ssociations. However, allele substitution effect of allele
.226G, also not signiﬁcant, underlines these tendencies.
he effect of CSN2g.226G-allele on a higher milk yield
able 7
llele substitution effects on milk performance traits.
Milk protein Allele substitution
effect of allele
Breed 
CSN1S1 (CSN1S1*C′′-allele = standard) C′ LAC 
EFD  
H  EFD 
CSN1S2 B LAC 
(CSN1S2*A-allele  = standard) EFD 
CSN2  (g.226A > G;
CSN2*A-allele = standard)
G LAC 
CSN3  (g.331A > G;
CSN3*A-allele = standard)
G EFD 
CSN3  microsatellite
(287bp-allele = standard)
295bp LAC 
EFD  
297bp LAC 
EFD  
LGB  (LGB*A-allele = standard) B LAC 
EFD  
ll signiﬁcant allele substitution effects are marked (Signiﬁcance level: *P ≤ 0.05;als with milk performance data.
and the association of the g.226A-allele with an increased
fat content described in Spanish Merinos by Corral et al.
(2010) could be conﬁrmed in some degree (Table 7).
Genotypes of the CSN3g.331A > G-SNP (GenBank acc.
no. KC963135) showed signiﬁcant inﬂuences (P ≤ 0.01;
Table 4) on protein content of milk in EFD sheep (Table 6),
whereas animals with CSN3 genotype AA gave milk with
higher protein content than animals with genotype AG.
Also the estimated allele substitution effect of CSN3 allele
g.331G revealed a signiﬁcantly negative effect of this
allele (Table 7). Furthermore, these analyses demonstrated
Trait
Milk (kg) Fat (kg) Protein (kg) Fat (%) Protein (%)
+3 +0.27 −0.17 +0.03 −0.08*
−2 −0.61 −0.42 −0.23 −0.11*
−13 −1.07 −0.97* −0.07 −0.17*
+7 +0.36 +0.45 −0.07 +0.03
+5 +0.79 +0.49 +0.17 +0.08
+3 +0.06 +0.29 −0.03 +0.02
−10 −0.89 −0.73 −0.08 −0.15*
+1 +0.18 +0.31 +0.03 +0.08*
−5 −0.80 −0.53 −0.12 −0.14*
+17* +0.44 +0.49 −0.16* −0.09*
+5 +1.02 +0.72 +0.26* +0.21***
−5 −0.42 −0.14 −0.01 +0.03
+4 −0.75 −0.11 −0.40** −0.16*
**P ≤ 0.01; ***P ≤ 0.001).
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tendencies of negative effects on all milk performance
traits of the g.331G-allele, being a possible reason for the
missing of this allele in both LAC populations. Further
research is needed, to get the possibility to analyse more
animals with genotype GG,  being also rare within the EFD
analysed within the present study, probably also due to
indirect selection against the G-allele.
Furthermore, the CSN3 microsatellite was signiﬁcantly
associated with protein content in EFD (Table 4), whereas
genotype 297/297 was associated with the highest protein
content in EFD but with the lowest one in LAC. Also the
allele substitution effects on protein content of the alleles
295 bp and 297 bp in comparison to 287 bp are contro-
versial but signiﬁcant in both breeds. Further research is
needed to clarify the effects of the microsatellite alleles in
CSN3 in more detail including more genotypes.
Concerning the whey proteins, LGB genotype does not
show a signiﬁcant association to milk performance traits in
LAC sheep (Table 5), whereas in EFD clear associations are
visible (Table 6) for the content traits. Signiﬁcant associa-
tions to fat % (P ≤ 0.001; Table 4), and protein % (P ≤ 0.001;
Table 4) conﬁrm earlier identiﬁed effects of LGB genotypes
on milk performance traits. As animals with LGB genotype
AB showed higher milk yield but lower fat and protein
content than animals with genotype AA, this should be
an effect of allele B. Presuming an indirect selection for
higher milk yield this can be a reason for the missing of
animals with LGB genotype BB in EFD. These results con-
ﬁrm earlier described associations in different sheep breeds
(Bolla et al., 1989; Corral et al., 2010; Giambra et al., 2011;
Ramos et al., 2009) and the effects are also visible in the
estimated allele substitution effects of LGB*B (Table 7) for
EFD. However, these associations could not be conﬁrmed
within the LAC sheep, where LGB genotype BB seems to
cause lower milk yield as already described by Nudda et al.
(2003) in Sarda sheep. As results concerning milk perfor-
mance and LGB genotypes are known to be controversial
(Barillet, 2007) further research is needed to clarify the
reasons for this.
Taking into consideration the recent ﬁndings of new
polymorphisms in ovine milk proteins further studies are
necessary to try to differentiate CSN1S2*A (p.Asp75 and
p. Ile105) and A′ (p.Asp75 and p.Val105), respectively,
CSN1S2*B (p.Tyr75 and p.Val105) and B′ (p.Tyr75 and
p.Ile105; Corral et al., 2013; Giambra and Erhardt, 2012b;
Padilla et al., 2013; Picariello et al., 2009) using protein elec-
trophoresis. Taking into account the pI of the amino acids
(pIs: Asp = 2.77, Tyr = 5.66; Ile = 6.02, Val = 5.97), it should be
possible to differentiate CSN1S2*B and B′, whereas A′ will be
hidden behind A using IEF as typing method. In future stud-
ies this should be conﬁrmed experimentally with IEF- and
following PCR-based methods and these alleles should be
included in association studies. Furthermore, the recently
identiﬁed SNP in ovine LALBA,  as the sixth main milk pro-
tein, should be included in future association studies, to
prove or disprove the results of García-Gámez et al. (2012),
which were published in the meantime of this study.In total, we conﬁrm effects of milk protein polymor-
phisms on milk performance traits in dairy sheep as
identiﬁed in less widespread earlier studies (Caio et al.,
2007; Giambra et al., 2010d, 2011; Wessels et al., 2004;esearch 121 (2014) 382–394
Corral et al., 2010) and describe partly new allele effects.
The effects of these associations on cheese making ability
should be analyzed in the future as sheep milk is mainly
used for cheese production to underline the economic
importance of milk protein variability. Afterwards, these
associations can be used in future sheep breeding pro-
grams as already aimed and proposed for cattle and goat
(Manfredi et al., 1995; Rendel and Harris, 1997; Sanchez
et al., 2005).
As milk protein polymorphisms show association to
milk yield and composition they inﬂuence also lamb
growth (Snowder and Glimp, 1991; Amigo et al., 2000;
Moroni et al., 2007). With this there is also potential for
a future consideration in mutton sheep breeding.
4. Conclusion
It has been demonstrated that milk protein variability at
the protein level in the important dairy sheep breeds East
Friesian Dairy and Lacaune sheep can mostly be detected at
the phenotypic level using isoelectric focusing. However, as
a consequence of the identical electrophoretic mobility of
some variants different DNA based tests have to be applied
simultaneously to get a more complete picture about milk
protein variability. Signiﬁcant associations from past stud-
ies could be conﬁrmed and additional ones especially for
protein content described. Thus, the next step should be to
clarify in more detail the demonstrated effects of milk pro-
tein variability including haplotypes on milk performance
also in other dairy breeds. An important prerequisite to aim
in future the implementation in sheep breeding programs
will be the participation of dairy sheep breeders in ofﬁcial
milk recording and the availability of data.
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